スイテキ ヒョウゲン ノタメノ リュウシ ベース エキタイ シミュレーション by アベ, タクヤ et al.
Osaka University
Title水滴表現のための粒子ベース液体シミュレーション
Author(s)安部, 拓也; 井村, 誠孝; 池田, 聖; 眞鍋, 佳嗣; 千原, 國宏
Citation映像情報メディア学会誌. 63(7) P.951-P.956
Issue Date2009
Text Versionauthor
URL http://hdl.handle.net/11094/3409
DOI
Rights
? ?
???????????????????????
Particle-Based Liquid Simulation for Animation of Waterdrops
??? ? ? ? ?y? ??? ? ? ? ?y? ??? ? ? ?y?
??? ? ? ? ?y? ??? ? ? ? ?y
Takuya Abey, Masataka Imuray, Sei Ikeday, Yoshitsugu Manabey and Kunihiro Chiharay
Abstract There is higher and higher demand for realistic computer-generated animation of natural phenomena based
on the physical computation. The simulation for depicting realistic liquid motion requires high computational cost, and no
versatile method is available. Waterdrops, which we can ¯nd out around us in various scenes, are not able to be depicted
realistically by simulation in real time because of its speci¯c physical feature and high computational cost. This paper pro-
poses extended Smoothed Particle Hydrodynamics which simulate liquid motion with particles, and the method of depicting
waterdrops through interfacial tension model. The proposed method enables to simulate waterdrops with di®erent contact
angle and with °at shape.
?????????????????????????????????????????????
1. ? ? ? ?
?????????????????????????
??????? (CG)????????????????
????????????CG????????????
??????????????????????????
??????????????????????????
?????????????????????????CG
??????????????????????????
??????????????????????????
??????????????????????????
??????????????????????????
????
?????????????????????????
???????????????????????CG?
??????????????????????????
???????????????????????????
??????????????????????????
??????????????????????????
???????????????????????????
??????????????????????????
??????????????????????????
?????????? 2007 ?????????
y????????????? ???????
?? 630-0192 ????????? 8916-5?TEL 0743-72-5270?
yGraduate School of Information Science, Nara Institute of Science
and Technology
(8916-5, Takayama, Ikoma, Nara 630-0192, Japan)
??????????????????????????
??????????????????????????
??????
??????????????????????????
????? Smoothed Particle Hydrodynamics(SPH)?
??????????????????????????
??????????????????????????
??????????????????????????
??????????????????????????
??????????????????????????
??????????????????????????
?????????????
2. ? ? ? ?
?????????????????????????
??????????????????????????
??????????????????????????
??????????????????????????
???????????????????Euler?????
??????????????????????????
???? Lagrange?????????????????
??????????????????????????
?????????????
??????????????????????????
???????????????????????????
??????????Foster??Marker-And-Cell(MAC)
? 1)???????????????????? 2)????
??????????? Vol. xx, No. xx, pp. 1?6 (20xx) ( 1 ) 1
?????????????? Foster?? Level Set??
???? 3) ?????Enright????????????
????????????? Particle Level Set????
???????????????? 4)??????????
??????????????????????????
??????????????????????????
??????????????????????????
???????????????????????????
??????????????????????????
??????????????????????????
????????????????????
?????????????????????????
??????????????????????????
???????????????Moving Particle Semi-
implicit(MPS)? 5)??SPH? 6)???????Premo·ze
???MPS ????????????????????
????? 7)?MPS ????????????????
???????????????????SPH ????
??????????????????????????
??Monaghan ????????????????? 6)?
Desbrun???SPH?????????????????
?????????????? 8)?MÄuller???Desbrun
??????????????????????????
?? 9)???????????????????????
GPU????????????????????????
???????????????? 10)?????????
?????????????????? 11) ???SPH?
???????????????????????????
??????????????????????????
??????????????????????????
??????????????????????????
???????????????????????????
????????????????????????
???? CG???????????????????
??????????????????????????
?????? 12)13)14)?????????????????
??????????????????????????
???????????????????????????
??????????????????????????
???????????????????????????
Wang??Virtual Surface? 15)???????Wang?
??????????????????????????
??????????????????????????
??????????????????????????
??????????????????????????
????
?????????????????????????
??????????????????????????
??????????????????????????
??????????????????????????
??????????????????????????
??????????????????????????
?????SPH???????????????????
????
3. ????????
?????????????????? SPH?????
??SPH??? 3?? Navier-Stokes?????????
??????????????????????????
??????? 16)?
3. 1 Smoothed Particle Hydrodynamics
???????????????????????
? Smoothed Particle Hydrodynamics(SPH) ?????
SPH???Lagrange?????????????????
SPH????????????????????????
??????????????????????????
??????????????????????????
??????????????????????????
?????????????????????
SPH???? x??????? A?????????
???
A(x) =
X
j
mj
Aj
½j
W (x¡ xj ; h) (1)
????mj?½j ??? j ??????????W ???
???????? x??? j ??? xj ????????
??????? j ???????????????????
h?????????????????????????
??????????????????????????
??????????????????????????
???????? 9)?????????????????
???mj = 1(8j)????
3. 2 ???????????
???? SPH??????1)???????????
??????????????????2)???????
???????????????????????????
????? 9)????????????????????
??????????????????????????
??????????????????????????
????? 17)??? Clavet?????????????
??????????????????????????
??????????????????????????
?? 16)?Clavet???????????????????
??????????????????????????
????????????????????
?????????????????????????
?????1)????? 1??????????????
?????????????????????????2)
2 ( 2 ) ??????????? Vol. xx, No. xx (20xx)
??????????????????????????
??????????????????3)???????
??????????????????4)????????
??????????????????????????
??????????????????????????
???????????????? 18)?
3. 3 ? ?
?????????????????????????
??????????????????????????
??????????????????? ½0 ?????
?????????????? kpressure????????
? P ?????? ½i??? Pi ????????????
????????Dpressureij ??????????????
(1 ¡ xij=h)2 ????????¢t?????????x^ij
??? i?????? j ??????????????
½i =
X
j2N(i)
(1¡ xij=h)2 (2)
Pi = kpressure(½i ¡ ½0) (3)
Dpressureij = ¢t
2Pi(1¡ xij=h) ¢ x^ij (4)
3. 4 ????
3. 3????????????????????????
??????????????????????????
??????????????????????????
??????????????????????????
???????????? 16)?????????????
???3. 3?????????? xij ???????W ?
??????????????????????????
??????????? ½neari ????? P neari ?????
?????????????????Dnearij ??????
?????knear ???????????????????
½neari =
X
j2N(i)
(1¡ xij)3 (5)
P neari = k
near½neari (6)
Dnearij = ¢t
2P neari (1¡ xij=h) ¢ x^ij (7)
3. 5 ? ?
?????????????????????????
i?j ????????????????????????
??????????????????????? I??
?????????u??? i?j ??????¾?¯ ??
???????????????
Iij = ¢t(1¡ xij=h)(¾u+ ¯u2) ¢ x^ij (8)
3. 6 ????
?????????????????????????
???????????????4??????????
????????????????
3. 7 ? ?
??????????????????????????
??????????????????????????
???????????????????????????
???????????????????????????
????????????????????????? 16)?
4. ?????????????
?????????????????????????
??????????????????????????
???? SPH???????????????????
?????????????? 19) ??????
4. 1 ????????
?????????????????????????
??????????????????????????
?? µE ??Young-Dupr¶e??????????????
???????????? 2?????????????
??????????? 20)?Young-Dupr¶e??????
????????????°sa; °ls; °la ?????????
??????????????????????????
cosµE =
°sa ¡ °ls
°la
(9)
?????????????????????????
?????????????????? (????)???
????????????????? 2?????????
???????????????????????????
??????????????????????????
??????????????????????????
?????????????????SPH???????
??????????????????????????
??????????????????????????
???????????????????????????
4. 2 ???
?????????????????????????
??????????????·¡1 ????·¡1 ????
????????????½???????g??????
????
·¡1 =
r
°la
½g
(10)
??????????????????????????
???????? (? 1? C)?????????????
??? ·¡1?????????????????????
?????????????????????? ·¡1??
???????????????????? (? 1)???
???·¡1 ???? 2.7mm?????????????
??????????? 20)?
4. 3 ???????
? 4. 1??????????????????????
? ????????????????????????? ( 3 ) 3
? 1 ??????????? ? 2 Nneighbori ??
??????????????????????????
???????????????????????????
??????????????????????????
??????? 4. 2?????????????????
??????????????????????????
??????????????????????????
??????????????????????????
??????
???????????????? i?????????
???? Nneighbori ?????????????????
?? kift??????????? Fiftij ?????????
?????Fiftij ?????? 2?????N
neighbor
i ???
??????????????????????????
????????????????????? 1=Nneighbori
??????????????????????????
??????????????????????????
?????????????????????? kift ??
??????????????????????????
????????????????
Fiftij ???????????
Fiftij = (k
ift=Nneighbori ) ¢ x^ij (11)
?????????????????????Nneighbori
????? c?????????????? Fiftij ? 0??
??????????????????????????
????
??????? i??????? j ?????????
??Fiftij ???? i???????????Difti ????
??????????????
Fiftij =
(
(kift=Nneighbori ) ¢ x^ij (Nneighbori < c)
0 (otherwise)
(12)
Difti = ¢tF
ift
ij (13)
5. ? ?
?????????????????????????
??????????????????????????
??????????
5. 1 ????
?????????????????????????
?? 1????
CPU Intel Core2 Duo E6600 2.40GHz
??? 1.00GB RAM
GPU NVIDIA GeForce 7900 GTX
OS Microsoft Windows XP
????????? C ??
????? Microsoft Visual Studio .NET 2003
Graphics API OpenGL
? 1 ????
????????? 3???????????????
1??????????????? 4?????????
1??????????? 1?????????????
12????????????????1????????
0.25mg???????????? ·¡1 ????????
??????????????? c???????? ·¡1
? 2.7mm??????? c?????? 80??????
??????????????????????????
? cm???????????????????????
??????????????????????????
??????????????????????????
??????????????????????????
?????????????????????
5. 2 ??????
?????????????????????????
???????????? 400??????????? c?
80?????????????????? 0.03ms????
?????????????? kift????? 0.0, 1.0, 6.0
?????????????????????? 3???
??kift ??????????????????????
??????????
5. 3 ???
?????????????????????????
?????????????????????? 400??
????? kift? 2.0?????????????????
? 0.03ms?????????????? c????? 10,
20, 80?????????????????????? 4
?????c? 10?????kift ? 2.0????????
??????????????????80???????
????????????????
5. 4 ????????????
?????????????????????????
?????????????????????? 400???
???? kift ? 2.0??????????? c? 80???
??????????????????¢t? 3ms, 0.3ms,
0.03ms????????? 5?????¢t? 3ms???
??????????????????????????
???????¢t? 3ms??? 0.3ms????????
???????????????????0.03ms????
??????????????????????? 2??
??????????????????????????
????????????????¢t? 0.03ms????
4 ( 4 ) ??????????? Vol. xx, No. xx (20xx)
kift=0.0 kift=1.0 kift=6.0
? 3 ??????
c=10 c=20 c=80
? 4 ??????
??????? (ms) ??????? (fps)
3 23
0.3 19
0.03 18
? 2 ????????????
????????? 1s????????????????
? 6.5ms??????????????
5. 5 ???????
????????? 2???????????????
??????? (??? 1) ?????????????
????? (??? 2)????????????????
400(??? 1? 200???????? 2?)??????
? kift ? 2.0??????????? c? 80??????
???????????? 0.03ms?????
??? 1??? (? 6)???2???????????
?????????2?????????????????
?? 1?????????????? 1????????
?????????????? 2??? (? 7)?????
???????????????????????????
??????????????????????? ?)21)?
???????????????????????? 17fps
??????????????????????????
??????????????????????????
??????????
6. ? ?
?????????????????????????
?????????????????? c???????
¢t =3ms ¢t =0.3ms ¢t=0.03ms
? 5 ????????????
0.0s 0.5s 4.0s
? 6 ??? 1: 2 ????????????????
? 7 ??? 2: ?????????????????
???????????????????????????
??????????????????????????
??????????????????????????
??????????????????????????
??????????????????????????
? 5. 4??????????????????????
???????????????????????????
??????????????????????????
??????????????????????????
? 0.03ms??????????????????????
???????????? 1s?????????????
?? 6.5ms?????????????????????
??????????????????????????
???????????????????????????
??????????????????????????
??????????????????????????
????????? GPU ??? 10) ?????????
??????????????????????????
? ????????????????????????? ( 5 ) 5
??????????????????????????
???
7. ? ? ?
???????????? SPH???????????
??????????????????????????
??????????????????????????
??????????????????????????
??????????????????????????
??????????????????????????
???????????????????????????
??????????????????????????
??????????????????????????
??????????????????????????
???????????????????????????
??????????????????????????
??????????????????????????
?????
?????????????????????????
??????????????????????????
??????????????????????????
??????????????????? SPH????
??????????????????????????
????????????
?? ??
1?F. H. Harlow and J. E. Welch: \Numerical Calculation of Time-
Dependent Viscous incompressible °ow of °uid with free surface",
Physics of Fluids, 8, pp.2182-2189 (1965)
2?N. Foster and D. Metaxas: \Realistic Animation of liquids",
Graphical Models and Image Processing, bf 58, 5, pp.471-483
(1996)
3?N. Foster and R. Fedkiw: \Practical Animation of Liquids", In
Proceedings of the 28th annual conference on Computer graphics
and interactive techniques, ACM Press, pp.23-30 (2001)
4?D. Enright, S. Marschner, and R. Fedkiw: \Animation and Ren-
dering of Complex Water Surfaces", In Proceedings of the 29th
annual conference on Computer graphics and interactive tech-
niques, ACM Press, pp.736-744 (2002)
5?S. Koshizuka and Y. Oka: \Moving-particle semi-implicit method
for fragmentation of incompressible °uid", Nuclear Science and
Engineering, 123, pp.421-434 (1996)
6?J. J. Monaghan: "Smoothed Particle Hydrodynamics", Annual
Reveiw of Astronomy and Astrophysics, 30, pp.543-574 (1992)
7?S. Premo·ze, T. Tasdizen, J. Bigler, A. Lefohn and R. T. Whitaker:
\Particle-Based Simulation of Fluids", Computer Graphics Fo-
rum, 22, 3, pp.401-410 (2003)
8?M. Desbrun and M. P. Gascuel: \Smoothed Particles: A new
paradigm for animating highly deformable bodies", In Proceed-
ings of the Eurographics workshop on Computer animation and
simulation, Springer-Verlag New York, Inc, pp.61-76 (1996)
9?M. MÄuller, D. Charypar and M. Gross: \Particle-Based Fluid
Simulation for Interactive Applications", Proceedings of the 2003
ACM SIGGRAPH/Eurograpics Symposium on Computer anima-
tion, pp.154-159 (2003)
10????????????: \?????????????????"??
????48, 11, pp.3557-3567 (2007)
11?B. Adams, M. Pauly, R. Keiser and L. J. Guibas: \Adaptively
Sampled Particle Fluids", ACM Transactions on Graphics, 26, 3,
Article 48 (2007)
12?K. Kaneda, Y. Zuyama, H. Yamashita and T. Nishita: \Anima-
tion of Water Droplet Flow on Curved Surfaces", In Proceedings
of PACIFIC GRAPHICS '96, pp.50-65 (1996)
13?M. Jonsson and A. Hast: \Animation of Water Droplet Flow on
Structured Surfaces", LinkÄoping Electronic Conference Proceed-
ings, SIGRAD 2002, ISSN 1650-3686 (2002)
14?P. Fournier, A. Habibi and P. Poulin: \Simulating the Flow of
Liquid Droplets", In Graphics Interface, pp.133-142 (1998)
15?H. Wang, P. J. Mucha, and G. Turk: \Water Drops on Surfaces",
ACM Transactions on Graphics, 24, pp.921-929 (2005)
16?S. Clavet, P. Beaudoin and P. Poulin: \Particle-based Vis-
coelastic Fluid Simulation" In Proceedings of the 2005 ACM
SIGGRAPH/Eurographics symposium on Computer animation,
pp.219-228 (2005)
17????????????: \????????" ? 51 ????????
??????????????pp.589-590?2007?
18???:\????????????" ????????????? ???
??2005?
19???????????????: \????????????????
???????"?2007 ????????p.7-2 (2007)
20???????????????????????; ?? ?: \?????
???-???????????????????-"????? (2003)
21???: \?????????"?????? (2007)
?
?
?
?
??
?
?
? 2008 ??????????????
?????????????????????????
??????????????
?
?
??
?
??
?
??
? 2001 ??????????????
?????????????????????????
??2007 ?????????????????????
??????????????????????
??
?
?
?
??
? 2006???????????????
??????????????????????????
??2007 ?????????????????????
??????????????????????????
?
?
??
?
??
?
??
? 1995 ??????????????
?????????????????????????
1999???????????????????????
???2007 ????????????????2001 ??
?????????????????????????
?????????
?
?
??
?
??
?
??
? 1973 ??????????????
??????????????????????????
1983 ???????1992 ?????????????
?????????????????????????
?????????????????
6 ( 6 ) ??????????? Vol. xx, No. xx (20xx)
